In this work, we characterized the transcript signature of reproductive status (breeder vs. 95 non-breeder) in tissue samples of ten organs or their substructures (hereinafter called for 96 simplicity "tissues") from both sexes using RNA-seq. We contrast the NMR results with the 97 transcript profiles of corresponding samples of guinea pig (GP, Cavia porcellus), a closely 98 related, polygynous, not long-lived rodent species (AnAge: 12 years maximal longevity, 89% 99 of the prediction based on body mass). We specifically focused our analyses on transcriptome 100 signatures of the socially-suppressed sexual maturation in NMR as well as on differentially 101 expressed genes (DEGs) that may contribute to the exceptional long life-and healthspan of 102 NMR breeders. 103 104
Results

105
To gain molecular insights into the fascinating combination of NMR phenotypes, in particular 106 their eusocial reproduction, lifelong fertility, extraordinary healthspan and longevity, we 107 aimed to collect a comprehensive set of tissue samples for male and female breeders and non-108 breeders of NMR and GP -six biological replicates each. Towards this, NMR non-breeders 109 were removed from their natal colony, paired with an unrelated animal of the opposite sex 110 from a second colony and thereby turned into breeders. Respective male and female litter 111 siblings remained in the two colonies as non-breeder controls. Time to first litters averaged in 112 6.5±4.9 (±SD) months and duration of pregnancies was approximately 70 days. GP breeders 113 and non-breeders were housed as pairs of opposite or same sex, respectively. For this species, 114 the time to first litters was 4.1±0.8 month and the pregnancies lasted about 68 days. 115
Female breeders gave birth to two litters each, with two exceptions. One NMR female was 116 pregnant at least twice (ultrasonographically verified), but never gave birth to live offspring, 117 and another gave birth to three litters, due to a pregnancy fathered by one of her sons. At 118 6 time of sampling, NMRs and GPs reached an age of 3.4±0.5 and 0.9±0.1 years, respectively 119 (Table S1) . 120 121 Tissue and species are the major determinants of transcriptomes 122
To compare gene expression between reproductive statuses (breeder vs. non-breeder) in 123 NMR and GP, we performed RNA-seq of ten different tissue samples (heart -Hrt, skin -Skn, 124 liver -Lvr, kidney -Kid, cerebellum -Cer, hypothalamus -Hyp, pituitary -Pit, thyroid -Thy, 125 adrenal -Adr, and gonads -Gon, represented by either ovary -Ova or testis -Tes) from 126 24 animals for each species (six males, six females per status; Fig. S1 ). Seven of the 480 127 samples (1.5%) had to be excluded for different reasons (Tables S2, S3 ). On average (±SD), we 128 obtained per sample 27.6±3.6 million high-quality reads with 84.1±16.1% unique mapping rate 129 (Table S4 ). The grand mean of pairwise Pearson correlation within the 40 replicate groups (2 130 statuses x 2 sexes x 10 tissues per sex) was 0.981±0.013 and 0.984±0.01 for NMR and GP, 131 respectively, indicating high consistency between replicate samples (Table S5) . 132
Based on these data, unsupervised hierarchical clustering gave a similar cluster hierarchy of 133 tissues for both species (Fig. S2 ). Brain tissues are grouped (Pit as a sister group to Cer and 134 Hyp); Kid and Thy are sister groups to the cluster of Adr and Ova. The results are confirmed 135 by principle component analysis, separating tissues by the first and species by the second 136 component (Figure 1 ). At this level of analysis, ovary was the only tissue, which showed a 137 separation of samples with respect to breeding status. Together, this indicates that: (i) tissue 138 source is dominant over other biological variables such as species, sex and status and (ii) the 139 impact of sex and status on transcriptome profiles is subtle. 
Cross-species DEGs are enriched in aging-related genes 146
To further characterize the species differences between the long-lived NMR and the shorter-147 lived GP, we determined gene expression differences based on orthologous transcribed 148 regions that show high sequence similarity. This filtering method avoided potentially 149 misleading signals that may arise from assembly artifacts or the comparison of different 150 transcript isoforms and identified 10,127 genes suitable for further analyses. Across all tissues, we identified 18,000 significant expression differences (EDs; 9,651/8,349 159 higher/lower expressed in NMR) in 5,951 out of 10,127 genes (FDR<0.01, |log2FC|>2; Table S6 , 160
Supplemental Data S1-S11). Among genes that are consistently differentially expressed across 161 all tissues, we identified aging-related candidates. E.g. RRAGB (Ras related GTP binding B, 162 Figure 2A ) and TMEM8C (transmembrane protein 8C) are higher expressed in NMRs. 163 RRAGB interacts with mTORC1 complex [26, 27] . TMEM8C is essential for muscle 164 regeneration [28] and might be linked to the resistance to muscle loss in aged NMRs [29, 30] . 165
To further assess the association of cross-species DEGs with aging, we examined their overlap 166 with aging-related genes of human and mouse obtained from the Digital Ageing Atlas (DAA) 167
[31]. This test revealed a significant overlap with DAA containing 1,056 genes (17.74% of 168 DEGs; p=0.006, Fisher's exact test (FET); Table S7 ). The enrichment analysis of shared aging-169 related genes (Table S8 ) reveals that the top ranked GO term set is associated with lipid 170 biosynthetic process (GO:0008610) ( Fig. S3 ), a finding referring to existing links between lipid 171 metabolism and lifespan [32, 33] . The DEGs between sexes were determined within the groups of non-breeders and breeders 181 for each tissue and species (Table 1, Table S9 , Supplemental Data S12-S47). GP non-breeder 182 females vs. males (GP-N-FvM) show over all tissues except gonads 1,713 significant 183 expression differences (EDs) in 1,634 genes (FDR<0.01, Table 1 ), primarily in Adr (858 DEGs), 184
Lvr (383), Thy (347) and Kid (109). Between female and male GP breeders (GP-B-FvM) 185 3,654/3,398 EDs/DEGs were observed. These transcriptome data confirm a clear sexual 186 differentiation among sexually mature GPs that further increases after onset of breeding. 187
Breeders have 790 DEGs in common with non-breeders (p<2.2x10 -16 , FET; Figure 3A ). 188
Functional enrichment analysis of these shared genes reveals among the highest ranked GO 189 sets immune system related terms ( Fig. S5 , Table S10 ). 190 191 
Status change of NMRs is accompanied by major changes in the endocrine system 206
The DEGs between breeders and non-breeders were determined within the same sex for each 207 species (Table 1; Table S12 , Supplemental Data S48-S87). Females showed a similar amount of 208 EDs/DEGs in both species (GP-F-BvN: 886/883, NMR-F-BvN: 1,130/1,078) but have only 46 209 DEGs in common ( Figure 3B ). This is less than expected by chance, although not reaching 210 significance (p=0.075, FET for depletion) and indicates that the molecular signature of the 211 transition from female non-breeder to breeder is different in both species. E.g. in GP-F-BvN, 212 only 18 DEGs are observed in Ova and none in Adr while in NMR-F-BvN, these tissues show 213 most of the differences with 502 and 201 DEGs, respectively. Functional enrichment analysis 214 of DEGs in NMR Ova identifies reproductive structure development (GO:0048608) as the 215 highest ranked category ( Fig. S6 , Table S13 ). The same analysis in Adr revealed an obvious 216 directionality in expression changes. DEGs are preferentially upregulated among highest 217 ranked GO term sets ( Fig. S7 , Table S14 ), e.g. in reproduction (GO:0000003, 24 of 28) and Table S17 ). Furthermore, we observed an upregulation of 238 response to stimulus (GO:0050896, 79 of 106), in line with an upregulation of steroid 239 metabolic process (GO:0008202, 28 of 28) included in lipid biosynthetic process set. In 240 accordance with the dominance of energy-related processes, DEGs are enriched and 241 preferentially upregulated in the top GO cellular component terms mitochondria 242
(GO:0005739, 61 of 62) and peroxisomes (GO:0005777, 13 of 13) (Table S18 ). Together, this 243 indicates increased demands of energy, e.g. to produce steroid hormones in Tes of NMR 244
breeders. 245
Similar to Tes, Skn showed enrichment of energy-related processes (Table S19, To follow up the mitochondria-related findings, the 'mitonuclear transcript ratio' was 262 determined as the read count ratio of mitochondrial-encoded genes versus nuclear-encoded 263 genes. It differs largely between tissues and species (Table S20 ). Hrt showed the highest 264 mitonuclear ratio, with a minor difference between species (NMR 30.1%, GP 30.4%). Tes 265 showed the lowest ratio, particularly in GPs (NMR 5.5%, GP 0.9%), and a 43.1% increase in 266 NMR-M-BvN ( Fig. S11 ). This increase is accompanied with an upregulation of nuclear genes 267 encoding for mitochondrial respiratory chain complexes ( Figure 4 ; Table S21 ). The expected 268 increase in ROS is compensated by an on average 1.59-fold upregulation of eight antioxidant 269 14 DEGs (Table S22) (Table S23) : males in Skn (55 genes; q=0.0012, FET) and Tes (80 genes, q=0.01), and 282 females in Ova (127 genes; q=1.2x10 -7 ), Thy (59 genes, q=0.033) and Adr (43 genes, q=0.038). 283
The significant overlap of 22 DEGs between NMR-F-BvN and NMR-M-BvN in Gon (p=0.0035, 284 FET) contains nine aging-related genes (p=0.004, Figure 3C ). In GP, only the non-redundant 285 set of DEGs in GP-F-BvN showed a tendency of enrichment (160 genes, q=0.051), in contrast 286 to NMRs, which showed enrichment in males (134 genes, q=4.5x10 -5 ) and females (245 genes, 287 q=7x10 -9 ). 288
Second, we hypothesized that reproduction impacts the life expectancy of NMR and GP 289 differently. Therefore, we searched for status-related DEGs that are shared in both species, 290 but show opposing direction of expression. These genes might mark different coping 291 mechanisms with the metabolic load of reproduction. As described above, the overlap of 292
DEGs between species is very low (Table S24 ). Nevertheless, opposing direction of expression 293 15 change can be observed in Ova (1 of 2 shared DEGs), and female thyroid (8/8) and testis (1/1). 294 E.g. the fibroblast growth factor receptor 2 gene (FGFR2), linked to aging (AgeFactDB) [38] , is 295 in Ova downregulated in NMRs, but upregulated in GPs ( Figure 2B ). 296
Third, and based on the assumption that status-related EDs with the greatest interspecies 297 difference (regardless of directionality) have an impact also on species-specific aging 298 trajectories of breeders, we determined enrichment of aging-related genes in the upper 299 quintile of those genes (Table S25 ). In males, we found significant enrichments of DAA genes 300 in Skn (q=7.04x10 -7 ) and Tes (q=0.0025); in females in Skn (q=0.0064), Hrt (q=0.0024), Pit 301 (q=0.0053) and Ova (q=0.0013). Further functional enrichment analysis of these aging-related 302 gene sets reveals differences between sexes. In males, the non-redundant set of genes shows 303 enrichment for lipid metabolism (GO:0006629), energy metabolism (energy derivation by 304 oxidation of organic compounds, GO:0015980; mitochondrial ATP synthesis coupled proton 305 transport, GO:0042776), glutathione metabolic process (GO:0006749) and immune system 306 (innate immune response-activating signal transduction, GO:0002758) (Table S26 , Fig. S12 ). 307
Females showed enrichment in positive regulation of tumor necrosis factor production 308 (GO:0032760) and negative regulation of programmed cell death (GO:0043069) ( Fig. S13 , 309 Table S27 ). In our comparative study of breeders vs. non-breeders of the eusocial long-lived NMR and 334 the polygynous and shorter-lived GP, we accumulated a comprehensive set of transcriptome 335 data to gain insights into molecular networks underlying naturally evolved interspecies 336 differences in sexual maturation and links between reproduction and aging. Both species are 337 able to breed year-round and produce four to five litters per year [40, 41] . Both species have a 338 similar average gestation period of 70 days, which is long compared to similarly sized 339 species. Notably, NMRs produce on average 10.5 offspring per litter, which is twice the 340 number of offspring produced by similarly sized rodents and more than three times higher 341 compared to GPs (average 3.2 offspring) [40, 41] . This underscores the apparent contradiction In respect to sex-specific molecular signatures among either breeders or non-breeders in 358 NMR and GP, the main finding is a nearly complete absence of significant transcriptional 359 18 differences between sexes in non-breeding NMRs. This fits their grossly identical morphology 360 and identical behavior in stable colonies [25] . This is in stark contrast to non-breeding GPs of 361 an even younger age where we observed more than a thousand DEGs. GP non-breeders and 362 breeders share a large and highly significant number of sex-related DEGs. Among others, 363 these DEGs are enriched in GO terms related to steroid metabolism and immune system. The 364 effect of gonadal steroids on the immune system is well described in GPs and other mammals 365 Temperature and humidity were adjusted to 27.02.0°C and 85.0+5.0%, respectively. In 431 general, the NMR colonies were kept in darkness except for 2 to 4 hours of daily husbandry 432 activities. Fresh vegetable food was provided daily and ad libitum. In addition, commercial rat 433 pellets (Vita special, Vitakraft GmbH, Bremen, Germany) were fed as an additional source of 434 protein and trace elements. For de novo transcriptome assembly, animals were euthanized and ten tissue samples (heart -463
Hrt (NMR only), skin -Skn, liver -Lvr, kidney -Kid, cerebellum -Cer, hypothalamus -Hyp, 464 pituitary -Pit, thyroid -Thy, adrenal -Adr, and gonads -Gon (testis -Tes /ovaries -Ova)) 465 were collected from NMR and GP individuals, as described previously [52] . Strand-specific 466 RNA-seq were prepared using the TruSeq Stranded RNA LT Kit (Illumina), and 200-nt reads 467 were obtained using a HiSeq2500 (Illumina), as described previously [52] . 468
For expression analysis, the same ten tissues were collected from NMR and GP breeders and 469 non-breeders. RNA was purified as described above. Library preparation was done using 470 Illumina's TruSeq RNA Library Prep Kit v2 kit following the manufacturer's description. (Table S5) . 492
The 'mitonuclear transcript ratio' was calculated as the read count ratio of 13 mitochondrial-493 encoded genes versus all nuclear-encoded genes. 494
PosiGene was applied to the transcriptome of human, NMR and GP with the parameter 495 '-prank=0 -max_anchor_gaps_hard=100 -rs=NMR' to determine orthologous transcribed 496 regions in NMR and GP having a protein identity >70%. RNA-seq data were aligned to the 497 corresponding transcriptomes utilizing bowtie2 (2. used for the identification of significant GO terms that were summarized by REVIGO 504 (parameter SimRel=0.5) into non-redundant GO term sets [63] . GO term sets were then 505 ranked by number of summarized GO terms and number of changed genes. KEGG analysis 506 was performed using Fisher's exact test and significant pathways were identified using 507 FDR<0.05. KEGG results were redundant to Gene Ontology analysis and therefore not shown. 508
Overlap between gene sets was determined with Fisher's exact test (FET) using the one-sided 509
option. Generally, we tested for enrichment if not otherwise stated. Supplemental Text S1
824
In NMR-M-BvsN Tes, this is indicated by a significant upregulation of receptors for 825 androgens (AR, 1.3-fold) and gonadotrophic hormones (LHCGR, 1.8-fold) as well as an 826 increase in steroid production. Specifically, we observe an upregulation of genes involved in 827 the transport of cholesterol into mitochondria (STAR, steroidogenic acute regulatory protein, 828 2.8-fold; TSPO, translocator protein, 1.5-fold; CAV1, caveolin 1, 1.4-fold), the rate limiting step 829 of steroidogenesis (1), and conversion of cholesterol into pregnenolone (CYP11A1, 830 cytochrome P450 family 11 subfamily A member 1, 1.8-fold), which is essential for all 831 steroids. Genes encoding for enzymes that produce testosterone (HSD17B1, hydroxysteroid 832 17-beta dehydrogenase 1, 1.4-fold), the more potent metabolite dihydrotestosterone (SRD5A1, 833 steroid 5 alpha-reductase 1, 1.3-fold) and cortisol (CYP51A1, cytochrome P450 family 51 834 subfamily A member 1, 2-fold) are upregulated as well (Supplement Figure 10) . The 835 upregulation of steroidogenesis is accompanied by a significant increase in the mitonuclear 836 ratio and enrichment of nuclear DEGs associated with mitochondria, including OXPHOS. 837
Consequently, the load of reactive oxygen species (ROS) is presumably higher in NMR Tes, 838 but is compensated by increase in antioxidant enzymes. NMR-F-BvsN Ova shows more 839 subtle changes in steroidogenesis by increased estradiol production as indicated by 840 significant upregulation of CYP19A1 (aromatase, 2.5-fold) and increased sensitivity to 841 androgens and progesterogens as indicated by upregulation of corresponding receptors (Ova, 842 AR, 1,4-fold; Pit, PGR, 1.6-fold). We find, however, substantial expression changes in two 843 39 genes involved in the regulation of follicle-stimulating hormone secretion (2), INHA (inhibin 844 alpha subunit, 19.2-fold) and INHBA (inhibin beta A subunit, 4.4-fold), indicating that ovaries 845 of non-breeding NMRs lack preovulatory follicles. Further, enrichment of steroid metabolic 846 process, response to hormones and prostate gland growth indicates active feedback signalling 847 also in females and an impact on developmental processes. Increase in signalling is further 848 supported by significant enrichment of gene products located in secretory vesicle (secretory 849 granule lumen, GO:0034774) and on cell surface (GO:0009986). 850
